Methods using planar elastic surfaces or arrays of flexible cantilevers have been used to map, with subcellular resolution, the forces that cells generate against their substrates 1, [5] [6] [7] . But many processes are altered when cells are removed from native three-dimensional (3D) environments and maintained on two-dimensional (2D) substrates. Cells encapsulated in a 3D matrix exhibit dramatically different morphology, cytoskeletal organization and focal adhesion structure from those on 2D substrates 8 . Even the initial means by which cells attach to and spread against a 2D substrate are quite different from the invasive process required for cells to extend inside a 3D matrix. These Quantitative measurements of cell-generated forces have heretofore required that cells be cultured on two-dimensional substrates. We describe a technique to quantitatively measure three-dimensional traction forces exerted by cells fully encapsulated in well-defined elastic hydrogel matrices. using this approach we measured traction forces for several cell types in various contexts and revealed patterns of force generation attributable to morphologically distinct regions of cells as they extend into the surrounding matrix.
Methods using planar elastic surfaces or arrays of flexible cantilevers have been used to map, with subcellular resolution, the forces that cells generate against their substrates 1, [5] [6] [7] . But many processes are altered when cells are removed from native three-dimensional (3D) environments and maintained on two-dimensional (2D) substrates. Cells encapsulated in a 3D matrix exhibit dramatically different morphology, cytoskeletal organization and focal adhesion structure from those on 2D substrates 8 . Even the initial means by which cells attach to and spread against a 2D substrate are quite different from the invasive process required for cells to extend inside a 3D matrix. These Quantitative measurements of cell-generated forces have heretofore required that cells be cultured on two-dimensional substrates. We describe a technique to quantitatively measure three-dimensional traction forces exerted by cells fully encapsulated in well-defined elastic hydrogel matrices. using this approach we measured traction forces for several cell types in various contexts and revealed patterns of force generation attributable to morphologically distinct regions of cells as they extend into the surrounding matrix.
Cells are constantly probing, pushing and pulling on the surrounding extracellular matrix. These cell-generated forces drive cell migration and tissue morphogenesis, and maintain the intrinsic mechanical tone of tissues 1, 2 . Such forces not only guide mechanical and structural events but also trigger signaling pathways that promote functions ranging from proliferation to stem-cell differentiation 3, 4 . Therefore, precise measurements of the spatial and temporal nature of these forces are essential to understanding when and where mechanical events come to play in both physiological and pathological settings. (e) Schematic outlining the use of the finite element method to reconstruct the Green's function. Surface traction (t) applied to the highlighted facet induced displacements of the surrounding beads (g ij , inset). When repeated over all facets and beads, these relationships describe a discretized Green's function that can be used to calculate the tractions applied by the cell. The subscript indices of t and g represent the Cartesian components of the bead displacement in direction i in response to an applied surface traction in direction j.
differences suggest that dimensionality alone may substantially impact how cellular forces are generated and transduced into biochemical or structural changes. Although the mechanical properties of 3D extracellular matrices and the cellular forces generated therein have been shown to regulate many cellular functions 9 , to our knowledge, cellular forces in a 3D context have yet to be quantitatively measured.
Here we quantitatively measure the traction stresses (force per area), hereafter referred to as 'tractions' , exerted by cells embedded in a hydrogel matrix. We encapsulated enhanced GFP (EGFP)-expressing fibroblasts in mechanically well-defined polyethylene glycol (PEG) hydrogels that incorporate proteolytically degradable domains in the polymer backbone and pendant adhesive ligands 10 . Incorporation of adhesive and degradable domains permitted the cells to invade, spread and adopt physiologically relevant morphologies ( Fig. 1a and Supplementary Movie 1) . The hydrogels used in this study had a Young's modulus of 600-1,000 Pa ( Supplementary  Fig. 1 ), a range similar to that of commonly used extracellular matrices such as reconstituted collagen or Matrigel and to in vivo tissues such as mammary and brain tissue 11, 12 . Cells in 3D PEG gels deformed the surrounding matrix, which we visualized by tracking the displacements of 60,000-80,000 fluorescent beads in the vicinity of each cell (Fig. 1b, Supplementary Fig. 2 , Supplementary Note 1 and Supplementary Movie 2). We determined bead displacements relative to a reference stress-free state of the gel after lysing the cell with detergent (Supplementary Movie 3) . Typically we observed deformations of 20-30% peak principal strain in much of the hydrogel surrounding the cell (Fig. 1c,d) . The largest strains, up to 50%, occurred in the vicinity of long, slender extensions, which is consistent with observations of strong forces exerted by these regions on 2D substrates 13 . Because the mechanics of the PEG hydrogels showed no substantial dependence on strain or frequency ( Supplementary Fig. 1 ), we used linear elasticity theory and the finite element method to determine the cellular tractions that would give rise to the measured bead displacements. Briefly, we generated a finite element mesh of the hydrogel surrounding the cell from confocal images. We constructed a discretized Green's function by applying unit tractions to each facet on the surface of the cell mesh and solving the finite element equations to calculate the induced bead displacements (Fig. 1e) . Standard regularization methods for ill-posed, overdetermined linear systems of equations were then used to compute the tractions exerted by the cell (Supplementary Note 2). The time required to calculate a single dataset was ~4.5 h using readily available computational equipment. However, we could reduce this dramatically by using a simplified finite element mesh of the cell and hydrogel. These lower-resolution datasets still captured the fundamental character of higher-resolution measurements (Supplementary Fig. 3 ).
To validate the approach and to characterize its spatial resolution, we used simulated traction fields ( Supplementary Fig. 4 ). We measured experimental noise owing to bead displacements in cell-free regions of the hydrogel before and after detergent treatment, and measured surface discretization noise from multiple discretizations of the same cells. Then we superimposed these datasets onto the displacements generated by simulated loadings before traction reconstruction. In this setting, the percentage of traction recovered was proportional to the magnitude and characteristic length of the simulated loadings (defined as the average period of spatial oscillation). For all cases, the presence of noise reduced recovery accuracy by ~20-30%. Despite these limitations, the recovered tractions still captured the essential periodic features of even the most spatially complex simulated loadings with characteristic lengths of spatial variation down to 10 μm.
We next calculated the tractions from live cells encapsulated in 3D hydrogels and found that cells exerted 100-5,000-Pa tractions, with strong forces located predominantly near the tips of long, slender extensions (Fig. 2a,b and Supplementary Movie 4) . For all measurements, forces were in static equilibrium with a typical error of ~1-5% of the total force applied by the cell. Subsequent analysis revealed that these tractions were minimally impacted by possible variations in local hydrogel mechanics or by uncertainty in the measured bead displacements (Supplementary Figs. 5  and 6 ). Previous measurements of cellular forces on 2D surfaces have generally been limited to shear loadings, although recent studies have measured small forces exerted normal to the planar surface as well 14, 15 . It is unclear, however, whether these relationships might be altered for cells inside a 3D matrix. Here we found that cells encapsulated in a 3D matrix predominantly exerted shear tractions, although small normal tractions were also present near the cell body. To determine whether patterns of force might be associated with specific cell regions, we quantified the magnitude and angle of tractions with respect to the center of mass of the cell. Generally, tractions increased as a function of distance from the center of mass (Fig. 2c) . Cells encapsulated in hydrogels with a Young's modulus of ~1,000 Pa generated stronger tractions than those in ~600-Pa hydrogels. The observed differences in tractions were not due to an overall increase in total cellular contractility, as measured by the net contractile moment (Supplementary Fig. 7 ) but rather were most apparent in strong inward tractions near the tips of long, slender extensions (Fig. 2c) . This reveals a local and nonlinear reinforcement of cellular contractility in response to substrate rigidity and suggests that such regions may be hubs for force-mediated mechanotransduction in 3D settings. The cell bodies showed no bias in traction angle, but strong tractions became progressively aligned back toward the center of mass in more well-spread regions of the cell (for example, near the tips of long, slender extensions) (Fig. 2d) . In general, these patterns of force were reflected in multiple cell types but could be altered by cell-cell proximity or maintenance as a multicellular aggregate. Neighboring NIH 3T3 cells preferentially extended away from each other, whereas proliferating multicellular tumor spheroids exerted outward normal tractions on the matrix ( Supplementary  Figs. 8 and 9 ). Upon closer inspection we found a subset of extensions that displayed strong tractions several micrometers behind the leading tip, whereas the tractions at the tip itself were substantially lower. As such traction profiles are similar to those observed behind the leading edge of a lamellipodia for a migrating cell on a 2D substrate 1 , we hypothesized that such regions may represent invading or growing cellular extensions in three dimensions. To test this possibility, we measured the tractions from timelapse images of cells as they invaded the surrounding hydrogel (Fig. 3a) . Indeed, tractions at the tips of growing extensions were notably lower than the strong tractions exerted by proximal regions of the same extension ( Fig. 3b and Supplementary  Fig. 10 ). However, we did not observe normal forces pushing into the extracellular matrix in these extensions, which suggests that a local inhibition of myosin-generated contractility allows tip advancement. Moreover, we also detected strong tractions from small extensions on the cell face opposite the invading extensions. Such stable extensions exhibited very different force distributions than the growing extensions, often lacking the characteristic drop in force near the leading edge, and may correspond to an anteriorposterior polarity axis formed in the cell.
These data suggest that cells in 3D matrices probe the surrounding extracellular matrix primarily through strong inward tractions near the tips of long, slender extensions. This technique was generalizable to different cell types, cell-cell interactions and even to multicellular tumor structures in which both tumor growth and invasion have been previously shown to be mechanoresponsive 11 . Because the synthetic hydrogels used in this study had similar elastic moduli to in vivo tissues 11, 12 and can support many cellular functions 16 , we anticipate that this approach will enable investigations into the role of cellular forces in various biological settings. online methods Hydrogel synthesis and cell encapsulation. Polyethylene glycol diacrylate (PEGDA) was synthesized from PEG (molecular weight (MW), 3400; Sigma) and then modified with the collagenase-sensitive peptide CGPQGIWGQGCR to make degradable photoactive hydrogel precursors as described previously 10 . Polyethylene glycol diacrylamide (PEGDAAm; MW, 3400) was synthesized from PEG by forming the dimesylate, then the diamine and finally the diacrylamide as described previously 17 . PEGDAAm was then reacted with the collagenase-sensitive peptide in sodium borate (100 mM, pH 9.0) until the product polydispersity matched that for PEGDA-peptide precursors. For encapsulation, NIH 3T3 cells were resuspended to a final concentration of 60,000 cells ml −1 in a 10 or 11% (w/v) solution of degradable PEGDA-peptide macromer in PBS (pH 7.4) containing 1 μmol ml −1 acrylate-PEG-CGRGDS, 0.5 mg ml −1 Irgacure 2959 (Ciba) and two types of fluorescent beads (0.2 μm diameter, nonfunctionalized, yellow-green dyed (Polysciences) and 0.2 μm diameter, nonfunctionalized, suncoast yellow dyed (Bangs Labs)) at ~3.75 × 10 10 beads ml −1 each. Note that the pore size of the PEG gels was an order of magnitude smaller than the diameter of the beads used in this study 18 . Therefore, the beads were physically encapsulated in the hydrogel and did not diffuse. Bovine pulmonary artery smooth muscle cells, human mesenchymal stem cells and Lewis lung carcinoma cells were encapsulated in a 7% (w/w) solution of PEGDAAm-peptide macromer in PBS containing 5 μmol ml −1 acrylate-PEG-CGRGDS, 5 μmol ml −1 acrylate-PEG-CGRGES, 0.5 mg ml −1 Irgacure 2959 and two types of fluorescent beads. Next, 20 μl of cell-laden prepolymer solution was pipetted onto coverslips (0 thickness; Fisher Scientific) that were functionalized with 3-(trimethoxysilyl)propyl methacrylate (Sigma) per the manufacturer's instructions. The solution was contained in annular molds made from poly(dimethyl siloxane) (PDMS; Dow Corning) and exposed to 200 mW cm −2 (measured at 365 nm) UV light from an Omnicure S2000 (320-500 nm; EXFO) for a total of 3,000 mJ. After removing the PDMS mold, polymerized hydrogels, which now formed a cylindrical disc that was ~4 mm in diameter and 500 μm tall and were covalently linked to the coverslip along the bottom surface, were immersed in cell culture medium and incubated under standard growth conditions (37 °C, 5% CO 2 ) for 72 h.
Microscopy, image segmentation, finite element mesh generation and computational resources. Encapsulated cells were imaged with a 40×, 1.1 numerical aperture (NA), water-immersion objective (LD C-Apochromat; Carl Zeiss) attached to an Olympus IX71 inverted microscope equipped with a CSU10 spinning disc confocal scan head (Yokogawa Electric Corporation), live-cell incubator (Pathology Devices) and an ImagEM 16-bit electronmultiplying charge-coupled device (EMCCD) camera (Hamamatsu Photonics). A 147 × 147 × 200 μm volume was imaged around each cell, which corresponded to voxel dimensions of 0.2841 × 0.2841 × 0.8 μm in both horizontal planes and the axial plane, respectively. After the stressed image was acquired, the cells were treated with 0.5% SDS (JT Baker), re-equilibrated for 45 min and then reimaged to acquire a reference image of the nonstressed hydrogel. This detergent was chosen so as to completely denature all cellular proteins, although in practice, more mild detergents or specific inhibitors of cytoskeletal contractility could be used as well. Time-lapse datasets were acquired at 30-min intervals and 1-μm spacing in the axial plane. This temporal and spatial resolution was chosen so as to increase the image acquisition speed (~3 min of exposure per volume per cell) and to reduce phototoxicity. Images were saved in multipage TIFF format, imported into Amira (Visage Imaging) and manually segmented to identify the cell and the surrounding hydrogel. A 2D surface mesh of the cell was generated from the segmented image, simplified to the desired number of elements and smoothed using built-in functions. This mesh was then imported into Hypermesh (Altair) as a stereolithography file. To approximate an infinite medium, we generated a 400-μm cube centered on the cell, seeded the edges with nine nodes (element size of 50 μm), and generated a 2D quadrilateral surface mesh. Using these two surface meshes as a template, we then generated a 3D tetrahedral mesh (four-node linear tetrahedron elements 'C3D4' in Abaqus) of the enclosed volume. These meshes were then imported into Abaqus (Dassault Systèmes) for finite element analysis with the bottom surface of the cube fixed as a boundary constraint. Validity of the finite element approximation of an infinite medium was verified by fixing the top surface of the cube as an additional boundary constraint and showed no substantial difference in the recovered tractions. Unless otherwise mentioned, for all measurements, the cells were discretized using 2,000 linear elements. The center of mass of the cell was computed using the area-weighted centroids of each element on the 2D surface mesh of the cell. Renderings of cellular tractions were computed in Tecplot 360 (Tecplot Inc.), and contour plots were scaled such that ~1% of all elements on the cell were saturated. The deviation of the tractions fields from static equilibrium was assessed by summing the projection of the forces (tractions multiplied by facet area) on each facet of the cell along each Cartesian direction. All data presented in the manuscript were calculated using a Dell Precision T7400 workstation equipped with dual quad core Intel Xeon processors and 16 GB of RAM (Supplementary Note 3) .
Mechanical characterization of hydrogel substrates. The shear modulus of swollen gels was obtained using an AR 2000 oscillating rheometer (TA Instruments) on a temperature-controlled Peltier plate at 37 °C and a 20-mm stainless steel plate with solvent trap geometry (TA Instruments). Cylindrical gel samples were created from 125 μl of identical precursor solution to that used for traction measurements, covalently linked to glass microscope slides treated with 3-(trimethoxysilyl)propyl methacrylate (Sigma) and then swollen in growth medium at 37 °C and 5% CO 2 for 72 h. Immediately before testing, the slides were removed from medium and carefully blotted dry with laboratory wipes. The heights and diameter of the swollen gels were measured with calipers and were typically ~0.5-mm thick and had a ~19-mm diameter. To prevent slipping, 400 grit, wet-dry sandpaper was sectioned to fully cover the geometry and attached with double-stick tape. The head was lowered to a gap corresponding to approximately 0.2 N of normal force. Three consecutive controlled oscillatory strain sweeps were performed from 0.1-50% radial strain with 30 linearly spaced measurements at 0.25 Hz (Supplementary Fig. 1a) . After the strain sweeps, frequency sweeps were performed from 0.1-10 Hz, ten measurements per decade on a log scale, at 1% controlled strain (Supplementary Fig. 1b) . These data were acquired for six independent samples from multiple experiments. The data
